Large meteoroids can be registered in infrasound recordings during their entry into the Earth's atmosphere. A comprehensive study of 10 large fireball events of the years 2018 and 2019 highlights their detection and characterization using global infrasound arrays of the International Monitoring System (IMS) of the Comprehensive Nuclear-Test-Ban Treaty (CTBT). The study focuses on the observation and event analysis of the fireballs to estimate their respective location, yield, trajectory, and entry behavior. Signal characteristics are derived by applying the Progressive Multi-Channel Correlation method as an array technique. The comparison of the events with a NASA reference database as well as the application of atmospheric propagation modeling allows to draw conclusions about infrasound-based detection capability, localization accuracy, yield estimation, and source characterization. The infrasound technique provides a time-and location-independent remote monitoring opportunity of impacting near-Earth objects (NEOs), either independent or complementary to other fireball observation methods. Additionally, insights about the detection and localization capability of IMS infrasound stations can be gained from using large fireballs as reference events, being of importance for the continuous monitoring and verification of atmospheric explosions in a CTBT context.
Introduction
Infrasound, which is low-frequency sound below the threshold of human hearing (around [16] [17] [18] [19] [20] , is generated by a large number of natural and anthropogenic phenomena [1, 2] . While the monitoring and verification of man-made atmospheric explosions using infrasound array recordings is one of the main purposes of the infrasound observation technology [3] [4] [5] , also the detection of natural explosions or shock waves, such as generated by large fireballs during meteoroid or asteroid entries into the Earth's atmosphere, is a major topic of interest with respect to infrasound [6] [7] [8] .
The infrasonic signatures of such fireball events are related either to the hypersonic trajectory of a meteoroid, resembling a line source that emits ablational waves, or to the explosive fragmentation of the near-Earth object (NEO) due to heat and friction, resembling a point source that emits a ballistic shock wave [9, 10] . While there is a continuous entry of small meteoric material into the Earth's middle and upper atmosphere (above around 70 km), only an exceptionally large NEO entering the atmosphere generates infrasound that can be recorded at the ground.
Studies in recent years include investigations of various large fireballs recorded with an infrasound network like the globally distributed infrasound arrays of the International Monitoring System (IMS)
Data and Methods
Differential pressure data from infrasound arrays of the CTBT IMS with currently 51 certified stations all around the globe [11] were used to detect and analyze the 10 fireball events within this study. Since all IMS infrasound stations are arrays with at least four station elements each containing a microbarometer, array processing methods can be applied. Data and event analysis was performed using the Progressive Multi-Channel Correlation (PMCC) method [26] . It highlights event characteristics like origin time and direction, apparent velocity, and observed amplitude.
From the IMS infrasound array data the energy of the entering object that caused the fireball can be determined based on the dominant period of the observed infrasound signature [27, 28] . Hence, the yield as a kt TNT equivalent and thus also the size and mass of the meteoroid, asteroid, or re-entering space debris can be estimated following the infrasound processing.
The cross-bearing approach adapted from [29] allowed locating the majority of the fireballs. The triangulation relies on the mean backazimuths of all PMCC detection pixels that are associated with an event. Here, different from the cited approach, no standard deviation was added to the backazimuths since the fireball events generally produce transient signals in the waveform data. The method is explicitly described in Figure 1 , showing an event in the Caribbean in June 2019 (hereinafter referred to as case 02). For cases that are not detected by at least three stations, this method cannot be applied.
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The propagation modeling of infrasound from the estimated source location to the IMS infrasound receivers that detected the respective event was performed using ray-tracing and parabolic equation (PE) methods. A two-dimensional finite-differences raytracer [30] as well as a two-dimensional PE method [31] were applied on the one hand to estimate the travel-time and celerity (propagation velocity over ground) and on the other hand to estimate the amplitude and attenuation along ducted propagation paths. The atmospheric variability was taken into account using range-and time-dependent ECMWF (European Centre for Medium-Range Weather Forecasts) [32] background profiles of the high-resolution operational model analysis for temperature and wind, merged above 70 km with climatological data (MSISE-00 [33] , HWM-14 [34] ).
An estimation of the global detectability of infrasound signatures by extraordinary strong fireball events was provided for the Bering Sea 2018 fireball within this study (hereinafter referred to as case 08). The method was applied in the same manner as for the Chelyabinsk 2013, Sulawesi 2009, and North Pacific 2010 cases [14, 16] and compared to the detections at infrasound stations as listed in the Reviewed Event Bulletin (REB) of the International Data Center (IDC) of the CTBT. It highlights the combined effects of ducting, daytime, and directivity on the detection probability at all global IMS infrasound stations.
Results

Event Overview and Array Processing
This study is based on the analysis of 10 recent fireball events that occurred between summer 2018 and summer 2019. These events were selected and analyzed in the context of the NEMO project, since they were on the one hand highlighted by Social Media, eyewitness reports, or the international press and on the other hand detected by at least two IMS infrasound stations. This selection is also in good agreement with the fact that these events yielded the most energy during the period of observation, ranging from 30 to 173 kt of TNT equivalent for the exceptionally large Bering Sea fireball of December 2018. Figure 2 provides the location of these 10 events (Figure 2b : Bering Sea event no. 8, Figure 2a : the other nine cases) and the IMS infrasound stations that detected each of it. For four of the events, REB entries from the CTBT IDC were also available for comparison. A number of IMS stations were identified for each event that detected signatures related to the respective fireball. The PMCC method was applied to the IMS arrays' differential pressure data to derive azimuth, apparent velocity, time, and frequency information and to associate the given signatures to the respective fireball. These parameters allow event localization and yield estimation purely based on infrasound data. A number of IMS stations were identified for each event that detected signatures related to the respective fireball. The PMCC method was applied to the IMS arrays' differential pressure data to derive azimuth, apparent velocity, time, and frequency information and to associate the given signatures to the respective fireball. These parameters allow event localization and yield estimation purely based on infrasound data.
Localization Procedure and Yield Estimation
The localization results using the PMCC directions of infrasound detections are summarized in Table 1 . In addition to the determined location, the absolute deviation from the location provided by CNEOS [22] is indicated. According to the description of the method using case 02 in Figure 1 , the number of stations used for the localization can be lower than the number of detecting stations indicated in Figure 2 and Table 1 . This also applies to fireballs no. 01 (IS43: deviation 18 • ), no. 03 (IS07: deviation 25 • ), and no. 04 (IS40: deviation 11 • ). In addition to the backazimuth criterion, the triangulations are conducted using a finite range of 60 • (around 6660 km). This is particularly relevant for the extraordinary large event no. 08 ( Figure 2b ). For its localization, 13 of 25 detecting stations remain-IS39 is the most distant within this range. Two of these stations do not meet the backazimuth criterion (IS58: deviation 19 • , IS46: deviation14 • ) and are thus excluded, too.
Note that for events that were detected by only three stations, these are used for the localization irrespectively of the back-azimuth criterion. However, it is noted here that the PMCC results for fireballs no. 09 and 10 partly disagree with the CNEOS location. For case 09, the backazimuth of IS32 deviates by 19 • from the theoretical one; hence, the three-station triangulation results in a larger uncertainty (deviation of 8.21 • to the north). Similarly, for case 10, the deviation of IS53 is around 16 • , whereas IS18 shows different features which will be focused on in more detail in Section 3.3.1. For estimating the yield, the infrasound data were analyzed for each station using PMCC and the signal related to the fireball was identified. The bandpass filter was then adapted to the frequency components in which this signal was found and used on the waveforms of all sensors with good data. These waveforms were stacked, and the resulting beam was extracted. From this beam, the period at maximum amplitude was determined using the zero crossings of the wave. This period is in direct relation to the energy deposited into the atmosphere according to the Equations (1) and (2), see [27] , where P is the period at maximum amplitude (in seconds) and E is the energy in kt TNT equivalent:
Based on [28] the mean value of the periods of all stations that recorded the fireball was computed and used for the energy estimation. The respective columns of Table 1 list the yield estimates derived from this approach, as well as the deviations from the CNEOS estimation (positive if higher and negative if lower).
Propagation and Characterization of Near-Field, Far-Field, and Global Range Observations
The Greenland Fireball: Short-Range Propagation and Source Mechanism Characterization
The Greenland fireball (case 10 of Table 1 ) occurred in close distance to an IMS infrasound array, here IS18 in Greenland, and is therefore a favorable object to study the near-field infrasound from a prominent fireball event. The short horizontal distance of about 65 km permits to study the different source effects that are visible and discernible in infrasound array recordings [35, 36] . The close distance furthermore allows to utilize direct infrasound arrivals from the main pressure pulse of the fireball to estimate the source height of the event [8] . Finally, the three-dimensional trajectory can be estimated from the PMCC analysis of the fireball infrasound taking into account direction and apparent velocity from the line source signatures of the atmospheric entry and resulting shock waves [10] . Figure 3 provides the waveform beam of the differential pressure recordings of the eight elements of IS18 as well as the results from PMCC analysis with the time-and frequency-dependent pixel information for azimuths and apparent velocities. It also highlights the different portions of the main signal that are associated with the different source effects observable at an infrasound array.
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Propagation and Characterization of Near-Field, Far-Field, and Global Range Observations
The Greenland Fireball: Short-Range Propagation and Source Mechanism Characterization
The Greenland fireball (case 10 of Table 1 ) occurred in close distance to an IMS infrasound array, here IS18 in Greenland, and is therefore a favorable object to study the near-field infrasound from a prominent fireball event. The short horizontal distance of about 65 km permits to study the different source effects that are visible and discernible in infrasound array recordings [35, 36] . The close distance furthermore allows to utilize direct infrasound arrivals from the main pressure pulse of the fireball to estimate the source height of the event [8] . Finally, the three-dimensional trajectory can be estimated from the PMCC analysis of the fireball infrasound taking into account direction and apparent velocity from the line source signatures of the atmospheric entry and resulting shock waves [10] . Figure 3 provides the waveform beam of the differential pressure recordings of the eight elements of IS18 as well as the results from PMCC analysis with the time-and frequency-dependent pixel information for azimuths and apparent velocities. It also highlights the different portions of the main signal that are associated with the different source effects observable at an infrasound array. The source effects, which are assigned to the signals in Figure 3 using the same labels, are 1.
Explosive fragmentation, resembling a point source and corresponding to the brightest observation and largest amplitude signal near the end of the visible/audible trajectory; 2.
Final descent (and potential meteorite impact) at the very end of the trajectory, observable by low apparent velocities and thus very shallow incident angles relative to the horizontal; 3.
Atmospheric entry, resembling a line source and observable by backazimuths changing with time due to the incoming signal from different points along the trajectory; 4.
Air-to-ground coupling, where acoustic energy from the previous effects is converted to seismic (surface) waves, observable by apparent velocities having seismic values.
The PMCC analysis provides the following values for backazimuth and apparent velocity, supporting the distinction in the four source processes: the point-source fragmentation (label 1) is observed from a nearly constant backazimuth of 157 • and with an apparent velocity of 0.37 km/s. The final descent (label 2) is observed from a slightly more eastward backazimuth of 150 • and with a lower apparent velocity of 0.335 km/s pointing at a much shallower incident angle and thus lower source height. The line-source trajectory is estimated at three points (labeled 3a, 3b, 3c) and is located westward of the fragmentation, arriving from backazimuths of 200 • to 240 • . The lowest, and thus the latest point of the trajectory is observed first (3a), since it is nearest to the station IS18. The time it takes the bolide to travel from the beginning to the end of the observed trajectory is negligible compared to the travel time of the infrasound signals since the bolide moves at supersonic speeds of about Mach 70 [22] . The apparent velocity descends from 0.4 km/s (at 3a) to 0.35 km/s at (3c), indicating a shallower angle due to the higher distances (which dominates over the higher steepness since coming from an earlier and higher altitude part of the trajectory). The air-to-ground coupling (label 4) is observed from directions of 120 • to 170 • (which is over land) and with seismic (surface) wave speeds of 0.7 to 2 km/s. The source height of the main airburst (due to the explosive fragmentation near the end of the trajectory) can be estimated using the travel time between the origin time of the main explosion and the arrival time of the strongest infrasound signature at the observing array. For the origin time in this study, the CNEOS database entry was chosen (2018-07-25, 21:55:26 UTC); in principle any other related instrument observation (meteor camera, radar, seismometer, satellite image) or information derived from eyewitness reports, videos or Social Media entries can be used for a first estimate of the origin time. For the arrival time, the center of the PMCC family around the strongest amplitude signal was chosen (2018-07-25, 21:59:38 UTC), resulting in a source-to-receiver travel time of 252 s. This travel time was compared to ray-tracing calculations of the travel time between sources at different altitude levels and the station IS18. Calculations were performed for 0.5 km steps in altitudes between 30 and 60 km, as shown in Figure 4a . Curvature of acoustic rays in this case is negligible and a nearly direct and linear source-receiver connection results from the ray-tracing. The altitude level, at which the difference between modeling and detection is lowest, is derived after interpolation between the two points with lowest positive and lowest negative time deviation. It results in 45.2 km (label 1*), which is in good agreement with the value of 43.2 km published by CNEOS.
Taking all the PMCC-derived backazimuths, apparent velocities and arrival times into account for a set of five different points (labels 1, 2, and 3a to 3c for those parts of the signal from the air), it is possible to estimate the complete audible part of the trajectory from the infrasound recordings at IS18. The differences of the arrival times and the origin time (see above) are therefore converted to total distances; the apparent velocities are converted to incident angles, triangulating them with an effective sound speed of 0.32 km/s (derived as the 0-50 km average from ECMWF [32] ); the incident angles and total distances are finally converted to altitudes and distances over ground to the five selected points. Figure 4b 
The Great Australian Bight Fireball: Medium-Range Propagation and Multidirectional Detection
The Great Australian Bight fireball (case 03 of Table 1 ) represent an excellent example to study infrasound propagation of an elevated atmospheric source to IMS infrasound stations in distances of 2000 to 5000 km. It is a favorable use case for propagation modeling, as performed here by applying the range-dependent PE method, since multidirectional detections were made at IMS stations in all four cardinal directions.
Signatures of the fireball occurring near Tasmania were detectable to the west at IS04 in Australia, to the north up to IS39 in Palau, to the east up to IS36 in New Zealand, and to the south at IS55 in Antarctica. The predominant zonal stratospheric wind and thus ducting direction for a source during Austral winter conditions is eastward, which corresponds with the clearest observations at stations in this direction. Nevertheless, due the elevated source characteristic of a meteoroid airburst (here occurring at 31.5 km altitude [22] ), propagation within mostly elevated ducts into the other directions is modeled and detections in the vicinity of elevated ducts can be expected for sources that are strong enough. Detections from a fireball event are therefore likely, also in the other directions, if the bottom level of the elevated duct is low enough or leaky towards the surface. Figure 5 provides the PE propagation modeling for four directions/stations, indicating the described favorable ducting conditions to the east and elevated ducts to the other directions. An average PE frequency of 1 Hz was applied to all propagation runs and the transmission loss due to (c) Side view on the trajectory (arrow) derived from three of the selected points (3a to 3c) and the ray-tracing derived height estimation (1*). The dashed line represents the other two selected points (1 and 2), indicating a fast descent at the end of the trajectory.
Signatures of the fireball occurring near Tasmania were detectable to the west at IS04 in Australia, to the north up to IS39 in Palau, to the east up to IS36 in New Zealand, and to the south at IS55 in Antarctica. The predominant zonal stratospheric wind and thus ducting direction for a source during Austral winter conditions is eastward, which corresponds with the clearest observations at stations in this direction. Nevertheless, due the elevated source characteristic of a meteoroid airburst (here occurring at 31.5 km altitude [22] ), propagation within mostly elevated ducts into the other directions is modeled and detections in the vicinity of elevated ducts can be expected for sources that are strong enough. Detections from a fireball event are therefore likely, also in the other directions, if the bottom level of the elevated duct is low enough or leaky towards the surface. Figure 5 provides the PE propagation modeling for four directions/stations, indicating the described favorable ducting conditions to the east and elevated ducts to the other directions. An average PE frequency of 1 Hz was applied to all propagation runs and the transmission loss due to geometric spreading, atmospheric attenuation, and ducting effects was range-dependently calculated.
Atmosphere 2020, 11, x FOR PEER REVIEW 10 of 17 geometric spreading, atmospheric attenuation, and ducting effects was range-dependently calculated. The eastward propagation towards IS36 is subject to a stable stratospheric duct with effective sound speed ratios above one between the upper stratosphere (around 60 km) and the ground. The propagation towards IS04 in western and towards IS39 in northern direction takes the shape of elevated ducts between approximately 5 to 10 km at the lower boundary and 25 to 40 km at the upper boundary. The southward propagation towards IS55 is affected by changing atmospheric background conditions that support an elevated duct up to higher altitudes for the first part of the propagation path, which is shifted down and leaky towards the surface for the second part of the way.
It can be observed from the PE quantification of transmission loss that most of the acoustic energy is trapped in the abovementioned ducts, whereas the rest is escaping to altitudes of 100 km and above and subsequently attenuated in the thermosphere. Just the reduction by geometric spreading over thousands of kilometers can be noted.
The Bering Sea Fireball: Long-Range Propagation and Global Detectability Estimation
The Bering Sea fireball (case 08 of Table 1 ) is a quite unique example for infrasound generation of an asteroid entering the Earth's atmosphere since it was an exceptionally strong event (the second largest after the Chelyabinsk fireball within the last 20 and more years). Consequently, strong infrasound signatures at low dominant periods were generated that propagated over very large distances all around the world. This event is thus theoretically detectable at each of the existing IMS infrasound stations, and a study similar to [14, 16] can be conducted to estimate which factors influence the global detectability. The eastward propagation towards IS36 is subject to a stable stratospheric duct with effective sound speed ratios above one between the upper stratosphere (around 60 km) and the ground. The propagation towards IS04 in western and towards IS39 in northern direction takes the shape of elevated ducts between approximately 5 to 10 km at the lower boundary and 25 to 40 km at the upper boundary. The southward propagation towards IS55 is affected by changing atmospheric background conditions that support an elevated duct up to higher altitudes for the first part of the propagation path, which is shifted down and leaky towards the surface for the second part of the way.
The Bering Sea fireball (case 08 of Table 1 ) is a quite unique example for infrasound generation of an asteroid entering the Earth's atmosphere since it was an exceptionally strong event (the second largest after the Chelyabinsk fireball within the last 20 and more years). Consequently, strong infrasound signatures at low dominant periods were generated that propagated over very large distances all around the world. This event is thus theoretically detectable at each of the existing IMS infrasound stations, and a study similar to [14, 16] can be conducted to estimate which factors influence the global detectability.
A combination of three potential influence factors on the infrasound signal detectability of the Bering Sea fireball is provided in Figure 6 . These influences are (1) the ducting behavior of the acoustic waves travelling from the source to any of the globally distributed receivers along a direct propagation path (called short orthodrome Ig1 here); (2) the daytime, during which the signal arrival at the infrasound array takes place; (3) the directivity of the station towards the source, representing a line source emitting most of the energy perpendicular to its trajectory. Ideal conditions correspond to quiet nighttime conditions, a 90 • perpendicular direction towards the line source trajectory, and the availability of a stratospheric ducting with high effective sound speed ratio.
Nighttime conditions are preferential compared to daytime conditions, since the atmospheric boundary layer provides stable conditions during nighttime compared to more turbulent conditions during daytime (see [16] and references therein for further details). The trajectory of the Bering Sea fireball was estimated to have an elevation angle of 68.6 • and an azimuth angle of 349.4 • , derived from [37] . The ideal propagation conditions correspond to the existence of a stratospheric duct with effective sound speed ratio > 1.15, as specified in [38] .
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Discussion
Combining the three influence parameters by quantifying the effect of the deviation from ideal conditions in relative dB units (see [16] for details), enables to estimate the expected detectability in a synoptic view. Values above the average (−12.7 dB, indicated by the contour line in Figure 6 ) indicate favorable detection conditions, values below the line unfavorable ones.
The 10 selected fireball events analyzed within this study (Section 3.1) enable to derive novel insights about meteor source processes and infrasound detection capabilities; they furthermore allow to test and validate the application of methods and modeling to compare infrasound observations with theoretical calculations and other data sources.
The localization results (Section 3.2) provided in Table 1 show only slight deviations of around or below 1 • (approx. 100 km) from the CNEOS location in five of eight cases. Except case 05, these were detected by more than three stations. Both the number of detecting stations and their location relative to the source determine the localization accuracy. An increased number allows identifying outliers in the determined backazimuths better than a single three-station combination of which the backazimuths do not match well (e.g., case 09). Moreover, the triangulation method is less prone to backazimuth uncertainties the more stations are located in various directions of the source (e.g., case 02- Figure 1 ). Station combinations projected in roughly the same direction (e.g., case 01, in particular IS26, IS37, and IS43-see Figure 2 ) transfer their uncertainties to the final localization, resulting in deviations of more than 5 • (>500 km) here. Obviously, the just three stations associated with event no. 05 detected this very accurately.
Overall, the obtained deviations imply relatively good localizations. Two major factors potentially cause uncertainties in the detected backazimuths. First, due to their location relative to the source trajectory, the stations might detect different stages of the fireballs (e.g., case 10). In general, however, it is assumed that the fragmentation causes the strongest signal. Second, the atmospheric conditions encountered by the acoustic waves-and crosswinds in particular-can introduce shifts in the detected backazimuths [5] . A combination of both the relative locations and propagation effects is likely the cause for the significant deviation of fireball no. 10. The coordinates determined by triangulating IS18, IS53, and IS56 directions are more than 800 km south of the theoretical location and also differ from the result shown in Figure 4 . As stated in Section 3.1, the backazimuth of IS56 is shifted by 16 • from the theoretical one. Is has not been disregarded due to the lack of other available stations for triangulation. This also applies to case 09 and IS32 (19 • ).
The remaining question is whether infrasound data of the IMS can be used to locate fireball events accurately if no theoretical location is defined, as the CNEOS location is used here to disregard outliers in PMCC backazimuths. In fact, this depends on the number of detecting stations and thus on the size of the fireball and the propagation conditions. In addition, further PMCC parameters-for instance, the family size as an indicator for the significance of an event-can be considered to rate the quality of the detected backazimuths, combined with an evaluation of the horizontal winds along the propagation path. Single stations could be iteratively identified as outliers if the majority of stations match a specific source region.
It has to be mentioned that there is no detailed information available on NASA's CNEOS data, neither on the detection method or calibration nor on the accuracy and completeness of the data.
Comparing the energy values listed in Table 1 (this work) with the ones published in the fireball database from the CNEOS the differences in the two databases are quite apparent. For some smaller fireballs the values agree relatively well, like for cases 01 and 03, with about 11% to 13% deviation, respectively. The largest difference is clearly visible for the high-energy Bering Sea event (case 8), with 173 kt TNT published by CNEOS and about 50 kt TNT derived from the infrasound data. However, in percentage of deviation the results for case 07 and 09 differ even more with 1.4 and 1.9 kt TNT found by CNEOS and 0.02 and 0.1 kt TNT found with infrasound, respectively. Additionally, for cases 02, 04, and 10 the infrasound-based values are much smaller. Only for the two fireballs that occurred in Siberia (cases 05 and 06) the yield values derived from the IMS data are larger than the ones in the CNEOS database. The mean deviation of the yield estimation for all cases is about 62%.
The energy estimation based on infrasound data has different sources of uncertainties ranging from the data analysis process itself to environmental factors. The method is related to infrasound propagation and attenuation modeling. The measurement of amplitude is or can be affected by weather conditions, wind directions, and additional effects. It even differs from station to station depending on local turbulence [16] . Furthermore, station noise and the SNR have to be taken into consideration when thinking about the uncertainty of infrasound measurements. The yield estimation using Equations (1) and (2) is a quite simple approximation not taking into account these factors; therefore, it is easy to implement and independent of range-dependent effects and calibrated amplitudes, which are both often difficult to quantify. A more sophisticated approach deriving observed amplitudes and backtracking them with respect to atmospheric attenuation processes could be a better estimation of source amplitudes and thus source yields, but it may also be prone to propagation and attenuation uncertainties and thus even more erroneous.
The estimation of source processes, source altitude, trajectory location, propagation behavior, and detectability (Section 3.3) can be performed using a combination of PMCC analysis results and propagation modeling. It was performed within this study by investigating in detail three examples (cases 10, 03, and 08 of Table 1 ) and highlighting the abovementioned aspects.
For the Greenland fireball (Section 3.3.1, case 10), a total of four different source processes can be identified in the PMCC recording of the nearby infrasound array IS18. The event and its entry into the atmosphere, resembling a line-source signal emission, is geometrically ideally suited to be recorded at IS18 since the trajectory is nearly perpendicular to the station, like e.g., for the Neuschwanstein bolide [39] . Nevertheless, in contrast to this case and e.g., the Tahiti bolide similarly recorded at a nearby infrasound station [40] , not only a clear descent of apparent velocity and sweep of backazimuth is observed (indicating a decrease of incident angle with increasing distance), but a number of additional source processes as well. A point-source airburst due to explosive fragmentation is observed near the end of the line source, as well as a signature following this airburst in time and direction along the trajectory with a decreased altitude. This indicates the descent of the source at the end of its trajectory. Furthermore, air-to-ground coupling is observed where the acoustic energy originating from the fireball shockwaves is converted to seismic waves over Greenland's land mass, which propagate to IS18 and are recorded with apparent velocities of seismic (surface) waves.
The airburst altitude is estimated by the travel time difference of origin time and signal arrival of the largest amplitude recording. It has to be noted that the travel time is the most robust estimator for the altitude of the airburst as the main amplitude signal [8] . Other estimators, as e.g., the apparent velocity, provide higher uncertainties since small variations of apparent velocity, especially near the background effective sound speed values, lead to large uncertainties in the incident angle of incoming waves and thus distances and altitudes derived from it.
For the estimation of the three-dimensional location of the complete trajectory, it is nevertheless necessary to use the apparent velocity information together with the backazimuths, both derived from PMCC. The uncertainties of the values quantified by selecting and averaging PMCC pixel information are transmitted to the resulting locations. Since the whole observable trajectory occurs below distances of 200 km, we estimate the investigations to be signatures propagated from direct arrivals and not reflected ones (via a stratospheric duct).
The Great Australian Bight fireball (Section 3.3.2, case 3) is a good example for studying the propagation and detectability of a case interesting and relevant for CTBT purposes. Since the bolide has an estimated explosive yield of about 1.5 kt TNT equivalent, it is above the detection goal of the IMS infrasound network, which is supposed to monitor all atmospheric explosions above 1 kt TNT. Since currently (and also during the case 03 event) 85% of the stations are certified and operational, an atmospheric explosion like the one described should be detected by multiple infrasound stations. The modeling of atmospheric backgrounds and infrasound propagation can support the estimation, which stations are in a favorable position and distance to monitor a given event.
In the case of an elevated source, the detection in nearly all directions is in principle possible, as presented in Section 3.3.2. Modeling and observations are in good agreement, allowing to identify the favorable direction for clearest detections due to a stable stratospheric duct (here: to the east towards IS05 and IS36). In this case, the modeling furthermore predicts elevated ducts in all other directions, of which the lower boundaries are quite near to the surface and/or are leaky towards it. This indicates potential detections at stations in all cardinal directions (which were confirmed for six further infrasound arrays). The phenomenon of elevated ducts is especially relevant and present for elevated sources, as of course all the meteoroids presented within this study entering the atmosphere and explosively bursting between 20 and 50 km altitude. Elevated ducts are also relevant for the CTBT IMS, monitoring explosions at potentially every atmospheric altitude from the ground to the thermosphere. Part of the energy of any explosive source can always propagate in classical ground-reaching or elevated ducts, depending on the atmospheric conditions.
The Bering Sea fireball (Section 3.3.3, case 08) was estimated to be the second-largest meteoroid event recorded since the initiation of the IMS infrasound network in 1999 (50 kt estimated from this study, 173 kt estimated from NASA CNEOS). It is therefore large enough to be theoretically detectable at any infrasound array around the globe. It was detected by 19 of the 49 certified IMS infrasound stations (status: December 2018) in distances of up to 15,000 km, as reported in the IDC's corresponding REB entry, and by a total of 25 stations in this study.
Following the detectability estimations provided in Section 3.3.3, the event is expected to be best observed at nearby stations in the Pacific Ocean and along the eastern coast of Asia as well as the western coast of North America. This is in good agreement with the observations in Japan, Eastern Russia, Canada, USA, and at various island stations in the Pacific. From the modeling, the event is furthermore expected to be favorably detectable in the Caribbean Sea and mid-Atlantic up to the Azores, in the southern Indian Ocean, Western Australia, and in Antarctica. This is in a fairly good agreement with detections at IS51 on Bermuda and IS42 on the Azores, IS04 in Australia and IS55 in Antarctica. Nevertheless, other stations in the Indian Ocean did not detect the event, which is probably related to the individual noise conditions at these island stations. Detection probabilities are below the average in South America, Africa, Europe, Greenland, and western/southern Asia. However, individual stations in these parts of the world registered the event, namely IS18, IS26, IS34, IS37, IS43, IS46, (all within the REB), and IS08, IS39, IS40, IS41 (not in the REB). This is most likely related to the individual quality of the stations together with small signal attenuation even in unfavorable directions.
The predominant direction for stratospheric ducting (here: to the east on the northern hemisphere) seems less important for very strong events, as already observed for infrasound from the Chelyabinsk bolide [15] . Such strong events have a very low dominant frequency, corresponding to low atmospheric attenuation along propagation paths of even many thousands of kilometers [41] . Furthermore, for strong events like the fireballs of this study, it is possible that the ducted propagation takes place in both directions, upstream and downstream the predominant stratospheric wind. It may take the shape of elevated ducting, when propagating against the dominant wind direction (as shown for IS04 in Section 3.3.2). Nevertheless, signals from elevated ducting of e.g., 10 or 20 km height above the ground may be detectable at ground-based infrasound arrays, because the low dominant frequency resembles high wavelengths also in the order of 10 to 20 km. Raytracing is in this case only a high-frequency approximation for a wave front phenomenon filling the complete stratosphere, troposphere, and reaching down to the surface as well. Therefore, most of the detections and non-detections estimated by the combined modeling of source characteristics, propagation behavior, and station conditions (as shown in a synoptic view in Figure 6 ) explain the observations made at the global IMS infrasound array network well.
When estimating the usefulness of IMS infrasound data for the detection, localization, and characterization of near-Earth objects [42] , it has to be taken into account that infrasound observations are available on a 24 h per day and 7 days per week basis, independent of weather conditions, cloud coverage, satellite overpasses, and eyewitnesses. Infrasound is therefore a technique to analyze fireball events that is constantly available and relatively independent from the fireball location on Earth. Although the accuracy of certain other techniques might be more precise to derive, e.g., location and yield, they are not necessarily available anywhere and all the time. Various characteristics of a fireball event, such as location, fragmentation height, explosive yield, three-dimensional trajectory, shock wave emission, and propagation can therefore be derived using infrasound data, solely or complementing other observations, as presented within this study.
Conclusions
This work provides infrasound-based detection and array analysis, localization, and yield calculation, height and trajectory estimation as well as propagation and detectability modeling for 10 selected fireball events that occurred between summer 2018 and summer 2019.
The identification of the fireball signatures in recordings of multiple stations of the IMS infrasound network and successive array processing allows to estimate source location and yield within this study, purely from the infrasound observations of stations in distances of thousands of kilometers and up to a location accuracy of 100 km for the majority of the cases and a yield estimation deviating in average about 62% of values published by NASA.
A fireball case study furthermore shows the characterization of four different meteoroid-related source processes all observed at one nearby infrasound array. The estimation of the bolide trajectory is derived from data of the same array. Another case study highlights the propagation and detection of fireball signatures at distances of thousands of kilometers in all four cardinal directions. A final case study quantifies the global infrasound detection capability for an exceptionally large fireball event.
Infrasound data are estimated to provide useful information about fireball events and source characteristics and are therefore a valuable addition for applications in the context of monitoring the impact of near-Earth objects.
